Radiative lifetimes of 79 levels belonging to the 3d 3 4s4p, 3d 4 4p, 3d 3 4s5p, 3d 4 5p, and 3d 3 4s4d configurations of V i with energy from 26,604.807 to 46,862.786 cm −1 have been measured using time-resolved laser-induced fluorescence (TR-LIF) spectroscopy in laser-produced plasma. The lifetime values reported in this paper are in the range of 3.3-494 ns, and the uncertainties of these measurements are within ±10%. A good agreement was obtained with previous data. HFR+CPOL calculations have been performed and used to combine the calculated branching fractions with the available experimental lifetimes to determine semi-empirical transition probabilities for 784 V i transitions.
INTRODUCTION
The determination of elemental abundances and their patterns in stellar atmospheres has recently challenged the accuracy of the oscillator strengths used in stellar spectrum modeling. More precisely, an accuracy of the order of ∼0.05 dex in differential abundances (and therefore also in log gf) is needed to detect the effect of planet formation in the stellar atmospheres (Meléndez et al. 2009; Ramírez et al. 2014) . These effects are marked by a ∼20% depletion of refractory elements with respect to the volatile elements. Vanadium (Z = 23) is a refractory element that belongs to the iron group. Due to its complex electronic structure related to an open 3d subshell and a relatively high cosmic abundance, e.g., ε V = log(N V /N H ) + 12 = 3.93 ± 0.08 in the Sun ), many lines of V i and V ii are observed in solar and stellar spectra. Experimental oscillator strengths are essential for the determination of elemental abundances but direct measurements of oscillator strengths are difficult (Den Hartog et al. 2011; Larsson 1994) . A reliable and convenient method for obtaining experimental oscillator strengths is through the combination of measured radiative lifetimes with accurate branching fractions (BFs). Hence, the measurements of lifetimes and BFs are of great significance. Roberts et al. (1973) measured radiative lifetimes for 14 levels of V i in the energy range 21,963.45-40,535 .70 cm −1 using the beam-foil technique. Rudolph & Helbig (1982) measured the lifetimes of nine levels of V i using a selective pulsed laser excitation in an atomic beam produced by a special cage formed with tungsten and vanadium wire. Doerr et al. (1985) reported 12 lifetimes of V i levels by selective laser excitation of an atomic beam produced by thermal evaporation of vanadium metal. Later on, Whaling et al. (1985) The lifetimes of highly excited V i energy levels (E > 27,000 cm −1 ) available in the literature are relatively scarce. Moreover, there are still differences between some measurements that go beyond their error bars. These have motivated the present TR-LIF lifetime measurements of the 79 highly excited levels ranging from 26,604.807 to 46,862.786 cm −1 . In addition, HFR+CPOL calculations have been carried out to provide BFs in order to obtain the absolute semi-empirical radiative rates for 784 V i lines.
EXPERIMENTAL SETUP
The time-resolved laser spectroscopic methods can selectively excite specific atomic levels using tunable lasers and reduce the influence of cascade effects on the measured radiative lifetimes. This technique has already proven its reliability and efficiency and has been used many times with success by many groups around the world (Doerr et al. 1985; Den Hartog et al. 2011; Xu et al. 2006) . The experimental setup used for the lifetime measurement is similar to that described in our previous papers Zhang et al. 2010) , and so only a brief description is given here.
A 532 nm Nd:YAG laser with a 8 ns pulse duration emitted with 10 Hz repetition rate and an energy of 5-10 mJ was focused on a rotating vanadium foil in a vacuum chamber through a 30 cm focal-length lens to produce laser-induced plasma. The latter, employed as a free-atom source, supplied sufficient numbers of V atoms in the ground and in some metastable states. In order to obtain a tunable excitation pulse, another Nd:YAG laser with characteristics similar to the ablation pulse was used to pump a dye laser (Sirah Cobra-Stretch) in which DCM dye operated. The second-order harmonic of the dye laser produced by a beta barium borate (BBO) crystal was focused into a stimulated Raman scattering cell with H 2 at 15 bars to obtain the first-order Stokes component of Raman shifting. The third-order harmonic of the dye laser was obtained with the use of two BBO crystals and a retarding plate. Thus, the wavelength of the excitation pulse is tunable in the range 210-380 nm. The excitation pulse with about 6 ns duration was sent horizontally into the vacuum chamber about 8 mm above the sample to excite free V atoms. The delay time between the ablation and excitation pulses was adjusted by a digital delay generator (SRS DG535). The fluorescence emitted from the measured levels was imaged by a fused silica lens and focused into a grating monochromator (f = 10 cm) for dispersion and then detected by a microchannel plate photomultiplier tube (Hamamatsu R3809U-58) with a 163 ps rise time. A 2.5 GHz digital oscilloscope (Tektronix DPO7254) was used to register and average the transient signals from the detector.
In order to wash out quantum beats produced by the Earth's magnetic field and reduce the recombination background from the plasma, an appropriate magnetic field of about 100 G produced by a pair of Helmholtz coils in the direction along the horizontal component of Earth's magnetic field was employed during the experiment (Wang et al. 2013 ).
LIFETIME MEASUREMENTS
In the present experiment, the single-step excitation scheme was used. The targeted odd-parity levels of V i were populated from the ground state and some metastable states ranging from 0 to 17,182.073 cm −1 . Also, some excited evenparity levels could be reached using the metastable odd levels 3d 3 ( 4 F)4s4p( 3 P) z 6 G o 3/2-13/2 ranging from 16,361.489 to 17,136.538 cm −1 . Their lifetimes were estimated to range from a fraction of a millisecond to a few seconds using the model described in the next section.
In the measurements, in order to avoid simultaneous excitation of other levels from different metastable states, the exciting wavelength has been carefully chosen from all available excitation pathways. Moreover, the excitation level under study was confirmed by verifying that the observed fluorescence wavelengths were related to this level. The radiation trapping effect, the collisional effect, the flight-out-of-view effect, and the saturation effect which could possibly contribute to the systematic errors of the experimental results have been paid careful attention. The details for checking and eliminating these effects were the same as described in our previous paper (Feng et al. 2011) .
To obtain a good signal-to-noise ratio, more than 1000 shots were averaged for each fluorescence decay curve. More than 10 curves under different conditions were recorded for each level, and the average value of the lifetimes evaluated from these curves was taken as the final lifetime. The lifetime values shorter than 50 ns were evaluated by fitting the experimental fluorescence decay curve to a convolution of the recorded laser excitation pulse and a pure exponential function. A typical fluorescence decay curve for the 42,245.489 cm −1 level with a 12.4(0.9) ns lifetime is shown in Figure 1 . For the other longer-lived levels, a least-squares exponential fit procedure was performed to obtain lifetime values. The starting point for the fitting procedure must be chosen carefully to avoid the influence of excitation pulse. A typical fluorescence decay curve for the 31,317.440 cm −1 level with a 210(15) ns lifetime obtained by an exponential fit is shown in Figure 2 . One can see from Figures 1 and 2 that the fluorescence decay curves were fitted well, and each signal had a good signal-to-noise ratio.
HFR+CPOL CALCULATIONS
The Hartree-Fock with relativistic corrections method (HFR) originally developed by Cowan (1981) in which we have included core-polarization (CPOL) effects (see, e.g., Quinet et al. 1999 ) was used to calculate the lifetimes, the BFs, and the transition probabilities in V i. 3 for the odd parity. The core-valence correlation was modeled with a polarization potential and a correction to the electric dipole transition operator in which a V iv 3d 2 ionic core was considered with a dipole polarizability of 2.09 a.u. (Fraga et al. 1976 ) and a cut-off radius equal to the HFR average radius r of the 3d orbital, i.e., 1.36 a.u.
A 0.8 scaling factor has been applied to the Slater integrals according to a well-established practice in order to consider the effect of far-interacting configurations not explicitly included in the multiconfiguration expansions.
Some radial integrals, considered to be free parameters, were then adjusted with a least-squares optimization program Whaling et al. (1985) . The values affected by strong cancellation effects are not plotted (see the text).
minimizing the discrepancies between the calculated Hamiltonian eigenvalues and the experimental energy levels taken from the most recent term analysis of Thorne et al. (2011) . More precisely, we followed the fitting procedure described by Thorne et al. (2011) and used their radial parameters as starting values, i.e., the average energies (E av ), the direct coulomb interaction integrals within the 3d N (with N = 3, 4) cores (F 2 (3d 3d) and F 4 (3d 3d)) and the effective interaction parameters (α and β) were fitted as well as the CI Slater integrals between the two odd-parity configurations 3d 4 4p and 3d 3 4s4p (R 2 (3d 3d, 3d 4s), R 2 (3d 4p, 4s 4p), and R 1 (3d 4p, 4p 4s)). The average deviations were 130 cm −1 for the even parity and 126 cm −1 for the odd parity.
Our HFR+CPOL lifetimes are compared with our TR-LIF measurements and previous experimental values in Table 1 . Those for which the calculated line strengths of important decay channels (representing more than 10% of the radiative width) are affected by strong cancellation effects, i.e., their cancellation factors (CFs) as defined by Cowan (1981) are less than or equal to 0.05, are marked with an asterisk. Some of the discrepancies between theory and experiment seen in this table can be explained by such a cancellation effect.
In Figure 3 , a comparison between the BFs measured by Whaling et al. (1985) and those calculated in this work is shown. The BF values can be affected by strong cancellation effects, i.e., in the formula used for the determination of the theoretical branching fraction, BF ij ,
either the theoretical transition probability, A ij , has a CF less than or equal to 0.05 or the theoretical lifetime is one of those marked with an asterisk in 37.2%. This can be explained by the fact that the strongest decay branch from the 3d
, not plotted in the figure, with a measured BF of 41.0% (Whaling et al. 1985 ) is affected by a very strong cancellation effect (CF = 0.01) giving rise to a weak calculated BF of 6.3% which affects the HFR+CPOL BF-values of all the other decay branches from that level through Equation (1).
In Table 2 , the HFR+CPOL weighted transition probabilities (gA), the HFR+CPOL weighted oscillator strengths in the logarithmic scale (log gf), and the HFR+CPOL BF are presented for the 784 strongest decay channels (BF 1%) of the excited energy levels reported in Table 1 . Based on the good agreement between our HFR+CPOL BF values and measurements of Whaling et al. (1985) , an improvement on the absolute scale of the radiative rates has been obtained by rescaling our calculated A values (and consequently our calculated f values). The corrected A values have been extracted by combining the available experimental lifetimes (given just below the corresponding upper level of the transition) with the HFR+CPOL BF values using Equation (1). These corrected transition probabilities and oscillator strengths are given in the seventh and eighth columns of the table. In the last column, the CF is also reported. A CF value less than 0.05 indicates that the transition probability is affected by a strong cancellation effect and therefore should be taken with care.
The accuracy of our semi-empirical f values can be further assessed by comparing with those determined by Doerr et al. (1985) combining hook and emission measurements. In Figure 4 , we plot the log gf of Doerr et al. with respect to our corrected values discarding the 9 transitions (out of 81) for which the CF values are less than 0.05. A good agreement is found with an average difference between these two sets of 0.07 dex (the standard deviation being 0.16 dex). The remaining strong disagreement seen for the transition 3d 3 ( 4 P)4s4p(
4s a 6 D 7/2 (−0.87 in Doerr et al. compared to −1.76 in this work) is probably due to cancellation effects. Indeed, the CF value of 0.06 is close to threshold (0.05) and our HFR+CPOL lifetime of the upper level of that transition used to calculate the BF value is affected by strong cancellation effects (see Table 1 ). Thorne et al. (2011) . b Whaling et al. (1985) . c Roberts et al. (1973) . d Childs et al. (1979) e Rudolph & Helbig (1982) . f Doerr et al. (1985) . g Xu et al. (2006) . * Strong cancellation effects on lifetime (see the text). Notes. The energy levels are labeled by their values, parities ("e" for even and "o" for odd), and total quantum number J. The wavelengths are determined from the energy levels of this reference by the Ritz formula and are given in air above 200 nm. a Thorne et al. (2011) . b Determined by a combination of the experimental lifetime (reported below the upper level) and the HFR+CPOL BF. c Cancellation factor (CF) as defined in Cowan (1981) . The transition probability for which the CF is less than 0.05 is affected by a strong cancellation effect and should be taken with caution. d Whaling et al. (1985) . e This work. f Xu et al. (2006) . (This table is (Whaling et al. 1985; Doerr et al. 1985; Xu et al. 2006 ). An exception is the case of the level u 4 F o 9/2 for which our experimental value is slightly closer to our HFR+CPOL calculation than the measurement of Xu et al. (2006) .
Although our HFR+CPOL calculation supports our measurements and previous experimental lifetimes in several instances, important disagreements still remain that cannot be explained by cancellation effects. A noticeable example is given by the y 4 G o multiplet for which the experimental lifetimes range from 74.0(5.0) ns to 142(10) ns and the HFR+CPOL values are an order of magnitude shorter, ranging from 8.69 ns to 19.0 ns. In that case, line blends seem unlikely to be the cause of the observed differences because the experimental lifetimes of all the levels of this multiplet are of the same order of magnitude. Actually, a strong intermediate coupling mixing occurs for this term between the basis vectors 3d( 2 G)4s4p 4 G o (with contributions ranging from 57% for J = 5/2 to 73% for J = 11/2) and 3d( 4 F)4s4p 4 G o (with contributions ranging from 20% for J = 11/2 to 31% for J = 5/2). A sensitivity test of the calculated lifetimes to the eigenvector LS compositions shows that a decrease of a factor of about two of the 3d( 4 F)4s4p 4 G o basis vector contributions (i.e., the contributions now ranging from 10% for J = 11/2 to 13% for J = 5/2) to the y 4 G o term increases all the calculated lifetimes by a factor of about four. Although this change is in the right direction, it is still not enough to reach a good theory-experiment agreement but itdoes show the rather high sensitivity of the computed radiative lifetimes to the change in eigenvector compositions.
In conclusion, given the good agreement between the experimental (Whaling et al. 1985) and our calculated BF values (see Figure 3 ) and the general consistencies shown in Table 1 among the available laser measurements (this work and Whaling et al. 1985; Rudolph & Helbig 1982; Doerr et al. 1985; Xu et al. 2006) , the corrected transition probabilities given in Table 2 are the ones that are recommended to the users. Moreover, this is further supported by the good agreement found between our recommended oscillator strengths and the f values determined by Doerr et al. (1985; see Figure 4 ).
